Our work has focused on the carcinogenic effects of in utero arsenic exposure in mice. Our data show that a short period of maternal exposure to inorganic arsenic in the drinking water is an effective, multi-tissue carcinogen in the adult offspring. These studies have been reproduced in three temporally separate studies using two different mouse strains. In these studies pregnant mice were treated with drinking water containing sodium arsenite at up to 85 ppm arsenic from days 8 to 18 of gestation, and the offspring were observed for up to 2 years. The doses used in all these studies were well tolerated by both the dam and offspring. In C3H mice, two separate studies show male offspring exposed to arsenic in utero developed liver carcinoma and adrenal cortical adenoma in a dose-related fashion during adulthood. Prenatally exposed female C3H offspring show dose-related increases in ovarian tumors and lung carcinoma and in proliferative lesions (tumors plus preneoplastic hyperplasia) of the uterus and oviduct. In addition, prenatal arsenic plus postnatal exposure to the tumor promoter, 12-O-tetradecanoyl phorbol-13-acetate (TPA) in C3H mice produces excess lung tumors in both sexes and liver tumors in females. Male CD1 mice treated with arsenic in utero develop tumors of the liver and adrenal and renal hyperplasia while females develop tumors of urogenital system, ovary, uterus and adrenal and hyperplasia of the oviduct. Additional postnatal treatment with diethylstilbestrol or tamoxifen after prenatal arsenic in CD1 mice induces urinary bladder transitional cell proliferative lesions, including carcinoma and papilloma, and enhances the carcinogenic response in the liver of both sexes. Overall this model has provided convincing evidence that arsenic is a transplacental carcinogen in mice with the ability to target tissues of potential human relevance, such as the urinary bladder, lung and liver. Transplacental carcinogenesis clearly occurs with other agents in humans and investigating a potential transplacental component of the human carcinogenic response to arsenic should be a research priority. Published by Elsevier Inc.
Introduction
Arsenic is a naturally occurring environmental contaminant, and its inorganic forms, arsenate and arsenite, often occur in drinking water (NRC, 1999; IARC, 2004; NTP, 2004a) . As a metalloid, it has carbonaceous qualities, reflected in bonding characteristics, as well as qualities typical for transition metals. Generally speaking, arsenic is rapidly excreted, primarily through the urine (NRC, 1999; IARC, 2004) .
Methylated arsenicals, produced in vivo by conjugative metabolism using S-adenosylmethionine as the methyl donor include pentavalent or trivalent monomethylated (MMA) and dimethylated (DMA) arsenicals (Carter et al., 2003; Styblo et al., 2002; Aposhian et al., 2004; Lu et al., 2004) . Mice and humans show similar arsenic metabolism and biokinetics, while rats are divergent (Carter et al., 2003; Styblo et al., 2002; Aposhian et al., 2004; Lu et al., 2004) . Methylated arsenicals do not usually occur at high levels in the environment. Inorganic arsenic is a human carcinogen with various targets, potentially including the skin, urinary bladder, lung, liver, kidney, and prostate (NRC, 1999; IARC, 2004; NTP, 2004a) .
Humans are clearly sensitive to inorganic arsenic carcinogenesis (NRC, 1999; IARC, 2004; NTP, 2004a ), yet in rodents it had proven difficult to induce tumors after inorganic Toxicology and Applied Pharmacology 222 (2007) 271 -280 www.elsevier.com/locate/ytaap arsenic exposure as a single agent, potentially indicating rodents are insensitive to arsenic relative to humans. At the onset of the studies reviewed in this manuscript, prior rodent work had typically given inorganic arsenic in adulthood and been unsuccessful in producing an oncogenic response, including our own first attempt in adult mice (Waalkes et al., 2000) . Based on these observations we hypothesized that exposure during periods of high general sensitivity to chemical carcinogenesis may be required for inorganic arsenic to act as a complete carcinogen in rodents. In general, gestation is a period of high sensitivity to chemical carcinogenesis in rodents, and potentially humans, due to factors like rapid and global proliferative growth, organogenesis-related cell differentiation, and metabolic imprinting (Anderson et al., 2000; Anderson, 2004; Birnbaum and Fenton, 2003; Newbold, 2004) . In fact, chemically-induced transplacental carcinogenesis has been unequivocally demonstrated in humans (Anderson et al., 2000; Anderson, 2004; Birnbaum and Fenton, 2003) . Therefore, we tested this sensitivity hypothesis in rodent arsenic carcinogenesis in a series of transplacental exposure studies in mice. Initially, the carcinogenic effects of prenatal arsenic exposure were studied in a strain of mice of known generalized high sensitivity to chemical carcinogenesis (C3H; Waalkes et al., 2003) . There was a remarkable, multi-tissue response, including development of tumors in tissues that are potential human targets of arsenic carcinogenesis (Waalkes et al., 2003) . This led us to additional studies using prenatal arsenic exposure combined with exposure to additional agents after birth, including 12-O-tetradecanoyl phorbol-13-acetate (TPA) in C3H mice (Waalkes et al., 2004a) and diethylstilbestrol (DES) or tamoxifen (TAM) in CD1 mice (Waalkes et al., 2006a,b) . Together the results of these studies provide consistent and convincing evidence that in utero arsenic can impact the carcinogenic process in a variety of mouse tissues, including tissues that are concordant with human targets of arsenic carcinogenesis. These mouse studies are reviewed in this work.
Methods

Animals and treatments.
In all the studies reviewed in this paper animal care was provided in accordance with the U.S. Public Health Policy on the Care and Use of Animals as defined in the Guide to the Care and Use of Animals (NIH Publication 86-23). Mice were housed in a barrier facility, at a temperature of 68-72°F and with a relative humidity of 50 + 5%, and a 12 h light/dark cycle. A basal diet (NIH Formula 31) and water (unmodified or modified by addition of arsenic) were provided ad libitum. The NCI-Frederick animal facility, where these studies were conducted, and its animal program are AAALAC accredited. C3H/HeNCr (C3H) were obtained from the Animal Production Area, NCIFrederick, DCT Animal Program, Frederick, MD. CD1 mice were obtained from the Charles River Laboratory (Rowley, NC).
Three temporally separate long-term studies after arsenic exposure in utero are herein described (Waalkes et al., 2003 (Waalkes et al., , 2004a ). The first study was in C3H mice that received arsenic alone during gestation, the second was in C3H mice that received arsenic prenatally then dermal applications of 12-Otetradecanoyl phorbol-13-acetate (TPA), and the third was in CD1 mice that received prenatal arsenic and postnatal diethylstilbestrol (DES) or tamoxifen (TAM).
Pregnant mice were obtained by placing 2-3 females in one cage overnight with a male. A vaginal plug was considered to indicate pregnancy which was confirmed by palpation on gestation day 8. As a general protocol for prenatal arsenic treatment, the primigravid females were randomly divided into groups of 10 or more each and given drinking water containing sodium arsenite (NaAsO 2 ) at 0 (control), 42.5 ppm or 85 ppm arsenite ad libitum from days 8 to 18 of gestation. Dams were allowed to give birth, and litters where culled to no more than 8 at 4 days post partum. Offspring were weaned at 4 weeks. Offspring were randomly put into separate groups (n = 25 to 35) of males and females according to maternal exposure level and subsequent postnatal treatments. The dams were discarded after weaning and the offspring were observed for at least 74 weeks. In all this work, neither maternal drinking water consumption nor body weight of the pregnant mice was altered by these levels of arsenic in the drinking water. Furthermore transplacental exposure to arsenic at these levels did not reduce body weights in any group of offspring over the course of the experiment. These data establish the doses used in the present study as being well tolerated to both the maternal animal and the resulting offspring in C3H and CD1 mice. Although the offspring received no additional arsenic treatment after birth, given a biological half-life for inorganic arsenic of about 4 days (NRC, 1999) , some translactational exposure to residual maternal arsenic may have occurred. The excretion of arsenic into the breast milk is considered low (NRC, 1999) .
In one study in utero arsenic exposure was followed by post-natal dermal exposure to TPA in C3H mice (Waalkes et al., 2004a) . Offspring were weaned at 4 weeks and put into separate gender-based groups (n = 25) based on maternal arsenic exposure. One group of control or arsenic exposed (42.5 or 85 ppm) offspring received TPA (2 μg/0.1 ml acetone) twice per week to a shaved area of dorsal skin for 21 weeks after weaning in an attempt to promote skin cancers initiated by arsenic in utero. Duplicate groups (control, and 42.5 or 85 ppm arsenite) had vehicle (acetone) applied instead of TPA. The level of TPA exposure was selected based on a prior transplacental carcinogenesis skin tumor initiation/promotion study in which prenatal cisplatin exposure together with the same postnatal TPA dosage and frequency markedly enhanced cisplatin-induced skin tumor incidence and multiplicity in mice (Diwan et al., 1993) .
In another study in utero arsenic exposure was followed by post-natal exposure to DES or TAM in male or female ) CD1 mice. On postpartum days 1, 2, 3, 4, and 5 mice received subcutaneous injections of DES (2 μg/pup/day), TAM (10 μg/pup/day) or vehicle (corn oil) after well described protocols developed to enhance urogenital tumors Newbold, 2004) . The work with males was performed contemporaneously with female offspring from the same mothers, but for completeness of reporting was reported separately.
Pathology.
A complete necropsy was performed on all moribund animals, animals found dead, or on mice at terminal sacrifice. In most cases, the urinary bladder, kidneys, liver, lung, adrenal, gonads (ovaries or testes), spleen, thyroid, thymus, skin and grossly abnormal tissues were fixed in 10% neutral buffered formalin, paraffin embedded, sectioned at 5 μm and stained with hematoxylin and eosin. Pathological assessment was performed in these studies without knowledge of treatment group.
Gene expression analysis. In several instances aberrant gene expression was analyzed at the transcript and protein levels after arsenic exposure. In some cases specific gene promoter region methylation is measured. For the specifics on these techniques the reader is directed to these specific papers (Chen et al., 2004; Liu et al., 2004 Liu et al., , 2006a Liu et al., , 2006b Waalkes et al., 2004b Waalkes et al., , 2006a Waalkes et al., , 2006b ).
Data analysis. Data are given as incidence or as mean ± SEM, as appropriate. A probability level of p ≤ 0.05 was considered to indicate a significant difference. Total tumor incidence is defined as those mice bearing at least one benign or malignant tumor in a given tissue. Proliferative lesions are defined as the incidence of mice bearing at least one benign or malignant tumor or hyperplasia in a given tissue. Tumor incidence in most cases is based on numbers of animals available for observation, and losses were due to autolysis that was considered too advanced for diagnosis. In pair-wise comparison of lesion incidence, a one-sided Fisher's exact test was used. Tumor multiplicity, two-sided Dunnett's t-tests after ANOVA were used. For further details on data analysis the reader is directed to the original papers (Waalkes et al., 2003 (Waalkes et al., , 2004a ).
Results and discussion
Background on rodent models of inorganic arsenic carcinogenesis Although inorganic arsenic was recognized as a human carcinogen over 100 years ago, until recently it has proven difficult to induce tumors with inorganic arsenic as a single agent in experimental animals. For instance, reports showing dermal tumor formation in mice when oral inorganic arsenic is combined with topical TPA (Germolec et al., 1997; or local ultraviolet (UV) irradiation (Rossman et al., 2001; Burns et al., 2004; Uddin et al., 2005) , indicated that skin tumors did not develop after inorganic arsenic alone. Rats, which show distinct arsenic biokinetics when compared to mice or humans (Carter et al., 2003; Styblo et al., 2002; Aposhian et al., 2004) , develop urinary bladder tumors as a late event after nearly 2 years of continuous DMA exposure at levels of ≥ 50 ppm in the drinking water (Wei et al., 1999; . These DMA-induced bladder tumors are associated with uroepithelial cytotoxicity and continuous compensatory proliferative repair (Cohen et al., 2001; Wei et al., 2005) . Rodent urinary bladder tumors have not been reported after inorganic arsenic exposure. Thus, at the onset of the series of long term studies that are described in this paper (Waalkes et al., 2003 (Waalkes et al., , 2004a , additional rodent models for inorganic arsenic carcinogenesis were clearly needed. While it appears difficult to produce tumors with inorganic arsenic as a single agent in rodents the fact that inorganic arsenic is such an effective human carcinogen (NRC, 1999; IARC, 2004; NTP, 2004a) indicated humans may be particularly sensitive to the metalloid (Carter et al., 2003) . Elucidating carcinogenic mechanisms in humans is difficult for a variety of reasons (i.e. variability in exposure, other exposures, genetics, etc.). Therefore, developing rodent models of inorganic arsenic carcinogenesis was seen as a critical research priority.
Initial transplacental carcinogenesis testing in mice
Since it appeared rodents could be relatively insensitive to arsenic carcinogenesis, we decided to test the oncogenic impact of arsenic exposure during the prenatal period, a life stage of high generalized sensitivity to chemical carcinogenesis because of factors like rapid and global proliferative growth, cell differentiation, etc. (Anderson et al., 2000; Anderson, 2004; Birnbaum and Fenton, 2003; Newbold, 2004) . In addition, we intentionally selected a mouse strain (C3H) that was known to have a high generalized sensitivity to chemical carcinogenesis (Lee and Drinkwater, 1995; He et al., 1994) . Thus, this "sensitivity" hypothesis was tested in a series of transplacental arsenic exposure studies (Waalkes et al., 2003 (Waalkes et al., , 2004a ).
In the first study, pregnant C3H mice received drinking water with arsenite (0, 42.5 or 85 ppm) from gestation days (GD) 8 to 18 (Waalkes et al., 2003) . These doses were selected based on a preliminary study and were well tolerated as they caused no changes in maternal weight, maternal drinking water consumption, or birth weights of the resulting offspring (Waalkes et al., 2003) . After weaning, gender-based groups of offspring were formed and observed for up to 90 weeks (Waalkes et al., 2003) . After gestation day 18 there was no further arsenic treatment. In male offspring, dose-related increases (up to 10-fold) occurred in hepatocellular carcinoma (HCC) incidence and multiplicity ( Fig. 1 ). Arsenic-treated male offspring also had dose-related increases in adrenal cortical adenoma incidence and multiplicity. Arsenic exposed female offspring developed dose- related ovarian tumors, lung adenocarcinomas, and uterine and oviduct preneoplastic hyperplasia. Dermal tumors did not occur after in utero arsenic exposure in C3H mice. These data show inorganic arsenic to be a complete, multi-organ transplacental carcinogen in C3H mice (Waalkes et al., 2003) . This remarkable carcinogenic response indicates a high prenatal sensitivity in mice. The possibility that a similar sensitivity to inorganic arsenic exists during human gestation is very alarming.
We suspect the prior difficulties encountered in production of tumors in adult rodents with inorganic arsenic as a single agent may be because exposure did not occur during critical sensitivity periods. These data show inorganic arsenic initiated long-lasting events in utero that manifested as tumors in adulthood. Indeed, given the relatively rapid clearance of arsenic in mice (Carter et al., 2003; Styblo et al., 2002; Aposhian et al., 2004; Hood et al., 1987) , it is doubtful that substantial amounts remain in adults briefly exposed during gestation. Furthermore, these data indicate that continuous exposure is not required for inorganic arsenic to be carcinogenic, as exposure during critical periods was sufficient (Waalkes et al., 2003) .
Follow-up transplacental study-attempt to stimulate skin cancer in C3H mice
Our initial transplacental arsenic study revealed a remarkable sensitivity (Waalkes et al., 2003) , producing malignancies at sites that have been noted as targets in humans (liver, lung; NRC, 1999; IARC, 2004; NTP, 2004a) . However, arsenic-induced skin cancer is common in humans (NRC, 1999; IARC, 2004; NTP, 2004a) but was not observed in this mouse study (Waalkes et al., 2003) . Around the time of this initial study (Waalkes et al., 2003) , rodent skin cancer models were emerging showing combined inorganic arsenic and dermal TPA or UV irradiation induced skin tumors, although arsenic alone was ineffective (Germolec et al., 1997; Rossman et al., 2001) . Therefore, our second study (Waalkes et al., 2004a) tested the hypothesis that transplacental arsenic could initiate events in the fetal skin that would require additional postnatal promotion to produce cancer. In this study, pregnant C3H mice again received water with arsenite (0, 42.5 or 85 ppm) from gestation days 8 to 18 (Waalkes et al., 2004a) . In order to promote dermal cancers potentially initiated by arsenic in utero, the offspring were topically exposed to TPA (2 μg, twice/week) from 4 to 25 weeks of age (Waalkes et al., 2004a) . Despite this TPA treatment, no arsenic-linked excess in dermal tumors occurred. However, in accord with our first study (Waalkes et al., 2003) , the male offspring developed dose-related, arsenicinduced HCC and adrenal tumors, in a fashion that was independent of TPA (Waalkes et al., 2004a) . Similarly, in female offspring ovarian tumors and uterine and oviduct hyperplasia occurred after arsenic but again independent of TPA (Waalkes et al., 2004a) . TPA did promote arsenic-initiated liver tumors (females) and lung tumors (both sexes), consistent with reports of liver and lung tumor promotion after dermal application of TPA in mice (Goerttler et al., 1981; Goerttler and Lohrke, 1977) . Thus, inorganic arsenic consistently acted as a complete, multi-site transplacental carcinogen in C3H mice (Waalkes et al., 2003; . Arsenic did not initiate skin tumors in the C3H mouse fetus, perhaps indicating tissue-specific mechanisms, but did appear to initiate both liver and lung tumors promotable by TPA (Waalkes et al., 2003) .
Possible role of aberrant estrogen signaling in transplacental arsenic carcinogenesis
Our transplacental inorganic arsenic studies showed consistent targets (i.e. liver, ovary, adrenal, uterus, oviduct; Waalkes et al., 2003; . After studying this pattern, we realized these tissues were also targets of broad range or tissue-selective carcinogenic estrogens (Anderson, 2004; Birnbaum and Fenton, 2003; Newbold, 2004; Newbold et al., 1997; NTP, 2004b; 2004c; 2004d; Diwan et al., 1997; Noble et al., 1975; Williams et al., 1993; Yager and Liehr, 1996) . Because of this estrogenic spectrum of tumors, we hypothesized arsenic might induce aberrant estrogen signaling as part of its carcinogenic mechanism. The estrogen signaling system is a likely factor in induction or promotion of the carcinogenic process after exposure to estrogenic carcinogens (for review see Dickson and Stancel, 2000) . The estrogen receptor (ER), a ligand inducible transcription factor, is a key element of estrogen signaling pathways that helps regulate estrogen-related cell proliferation (Dickson and Stancel, 2000) . Stimulation of ER results in activation of a variety of genes important in carcinogenesis (Dickson and Stancel, 2000) . In fact, ER-α overexpression increases sensitivity to estrogen-related carcinogenesis, as seen with diethylstilbestrol (DES) induced uterine tumors in transgenic MT-mER mice (Couse et al., 1997) , which greatly overexpress ER-α (Dickson and Stancel, 2000) . Because estrogens are also linked to HCC (Williams et al., 1993; NTP, 2004b; 2004c) , we assessed expression of ER-α and estrogenregulated/linked genes in normal liver specimens from C3H adult male mice bearing in utero arsenic-induced HCC (Waalkes et al., 2004b ) from our tumor end-point study (Waalkes et al., 2003) . A marked overexpression of hepatic ER-α at the transcript and protein level occurred in adult males bearing HCC induced by in utero arsenic (Waalkes et al., 2004b) . Increases in hepatic cyclin D1 expression, an ER-activated hepatic oncogene (Deane et al., 2001) , also occurred (Waalkes et al., 2004b) . Arsenic-exposed mice exhibited markedly reduced methylation of the ER-α promoter region, a phenomenon linked with overexpression. A feminized expression pattern for several cytochrome P450s also occurred in adult male mice bearing HCC induced by gestational arsenic exposure, including overexpression of female-dominant Cyp2a4 and Cyp2b9 and reduced expression of male-dominant Cyp7b1 (Waalkes et al., 2004b) . These data indicate aberrant estrogen signaling may play a role in transplacental arsenic-induced HCC formation, in that arsenic in utero caused ER-α overexpression, potentially by promoter region hypomethylation (Waalkes et al., 2004b) . This overexpression may have increased liver cell sensitivity to estrogens as reflected in a feminized pattern of P450 expression and overexpression of the hepatic oncogene, cyclin D1 (Deane et al., 2001 ). We also found liver samples from humans heavily exposed to arsenic show elevated levels of ER-α and cyclin D1 transcript ( Fig. 2 ; Waalkes et al., 2004b) . Furthermore, we found livers from adult mice exposed to 45 ppm arsenite in the drinking water for 48 weeks showed aberrant expression of ER-α and cyclin D1 along with markedly reduced ER-α promoter region methylation (Chen et al., 2004) . We have more directly tested the hypothesis that aberrant estrogen signaling plays a role in transplacental arsenic carcinogenesis by combining in utero arsenic with postnatal DES or tamoxifen (TAM) exposure in mice (Waalkes et al., 2006a,b; see below) .
Tumor formation is typically linked to multiple gene expression changes, and we have studied aberrant gene expression after transplacental arsenic exposure using microarray ). Initially we have looked at the liver. Accordingly, non-tumorous liver from adult male mice bearing HCC after in utero arsenic exposure were analyzed. In arsenic-exposed adult mice, approximately 10% of the genes were differentially expressed . A feminized pattern of enzyme expression was confirmed, including increased expression of the female dominant Cyp2a4, and depressed expression of the male dominant Cyp7b1 . Real-time RT-PCR analysis confirmed these data . In fact, female C3H mice exposed to arsenic in utero followed by postnatal TPA, which showed increased liver tumor incidence (Waalkes et al., 2004a) , showed a remarkably similar pattern of aberrant hepatic gene expression when compared to adult male mice exposed to arsenic in utero ). This toxicogenomic analysis showed that remarkable, long-lasting expression changes occurred in adulthood after brief in utero arsenic exposure ). Many of these expression changes were consistent with aberrant estrogen signaling .
Synergy between transplacental arsenic and postnatal estrogen in carcinogenic response
To test further the hypothesis that altered estrogen signaling may contribute to transplacental arsenic carcinogenesis, in recently reported work, we studied arsenic exposure in utero plus postnatal exposure to DES or TAM ). Our initial transplacental carcinogenesis studies were performed in C3H mice (Waalkes et al., 2003 (Waalkes et al., , 2004a , which are sensitive to chemical carcinogenesis (Lee and Drinkwater, 1995; He et al., 1994) and have a significant rate of spontaneous tumor formation in some of the target organs of arsenic carcinogenesis. Therefore, for this study CD1 mice were selected because the effects of DES and TAM exposure are well defined in these mice (Diwan et al., 1997; Newbold et al., 1997; Anderson, 2004; Newbold, 2004) and this strain has a low incidence of spontaneous tumors (Maita et al., 1998) . Accordingly, in the initial report on this work pregnant CD1 mice received water with 85 ppm arsenite from gestation days 8 to 18, and groups (n = 35) of female offspring were injected on postpartum days 1, 2, 3, 4 and 5 with either DES (2 μg/pup/day, s.c.) or TAM (10 μg/pup/day, s.c.) and observed for up to 90 weeks . Arsenic alone induced some urogenital system tumors (mostly benign ovarian and uterine tumors), and adrenal cortical adenoma. DES alone induced some tumors (primarily cervical) but when given after in utero arsenic it synergistically enhanced urogenital tumor incidence, multiplicity and progression . For instance, compared to the incidence of urogenital malignancies in the control (0%), arsenic (9%) or DES (21%) alone, arsenic plus DES acted synergistically inducing a 48% incidence of urogenital malignancies (Fig. 3) . Of the urogenital tumors induced by arsenic plus DES, 80% were malignant, 55% were multiple site, and 60% caused early death . In addition, highly unusual and very aggressive multisite malignancies were induced by gestational arsenic plus postnatal DES including two cases of large urogenital masses that upon microscopic examination proved to be coalesced uterine adenocarcinoma, urinary bladder transitional cell carcinoma, cervical squamous cell carcinoma and vaginal squamous cell carcinoma ). Arsenic in utero followed by postnatal DES exposure also increased ovarian, uterine, and vaginal tumors . The combination of arsenic exposure during gestation followed by postnatal DES injections synergistically increased proliferative lesions (tumors+ hyperplasia) of the urinary bladder in female offspring (Fig. 4) . This response with arsenic plus DES included three transitional cell carcinomas , which are noteworthy because these tumors are exceedingly rare in control female CD1 mice (Maita et al., 1998) . In fact, accumulated data reported from 2-year studies performed with CD1 mice at the Institute for Environmental Toxicology in Japan showed not a single urinary bladder neoplasm occurred in 890 control females (Maita et al., 1998) , making the incidence of transitional cell carcinoma occurring in female offspring exposed to arsenic in utero followed by DES (3 transitional cell carcinoma/33 mice; Waalkes et al., 2006a) quite remarkable. Uterine and urinary bladder carcinomas induced by arsenic plus DES greatly overexpressed ER-α and pS2 , an estrogen regulated gene (Sun et al., 2005) . Prenatal arsenic synergistically enhanced estrogen-related gene expression, such as pS2, induced by postnatal DES in 12-day old neonatal uteri . Thus, arsenic acts with estrogens to increase production of female mouse urogenital cancers and synergistically enhances estrogen stimulation of ER-related gene expression .
The males from these same mothers were analyzed to see if altered estrogen signaling contributes to transplacental arsenic carcinogenesis ). Again, pregnant CD1 mice received drinking water with 85 ppm arsenite from gestation days 8 to 18. Groups (n = 35) of male offspring were then injected on postpartum days 1 to 5 with DES (2 μg/pup/ day) or TAM (10 μg/pup/day) and tumors were assessed in adulthood . Arsenic alone increased liver carcinoma (14% of mice), adenoma (23%) and total tumors (31%) over control (0, 2 and 2%). Arsenic alone also increased lung adenocarcinoma (26%), adrenal cortical adenoma (37%) and renal cystic tubular hyperplasia (20%) compared to control (6, 0 and 0%). When compared to arsenic alone, arsenic plus DES synergistically increased liver tumor incidence in male mice at risk 2.2-fold and increased liver tumor multiplicity 1.8-fold . Fig. 5 shows the treatments alone did not impact urinary bladder carcinogenesis, but arsenic plus TAM significantly increased formation of urinary bladder transitional cell tumors (papilloma and carcinoma; 13%) compared to control (0%). Bladder proliferative lesions Fig. 3 . Synergistic response in urogenital system carcinoma formation in adult female CD1 mice after combined in utero arsenic and postnatal DES. Pregnant mice received 85 ppm arsenic in the drinking water and the newborns were treated with DES on postnatal days 1, 2, 3, 4, and 5 (see Methods for experimental details). In this study, the urogenital system was considered to included the ovary, oviduct, uterus, cervix, vagina, kidney and urinary bladder. The arrow marked "Theoretical Additive" indicates the rate of urogenital carcinoma that occurs by simple addition of the rates in the arsenic alone and in the DES alone groups and should be compared to the synergistic increase seen in the group given the actual combination (Arsenic + DES group). Modified from Waalkes et al. (2006a) . Fig. 4 . Synergistic response in urinary bladder transitional cell proliferative lesions in adult female CD1 mice after combined in utero arsenic and postnatal DES. Pregnant mice received 85 ppm arsenic in the drinking water and the newborns were treated with DES on postnatal days 1, 2, 3, 4, and 5 (see Methods for experimental details). In this study, proliferative lesion incidence is defined as the incidence of combined transitional cell tumors and hyperplasia of the urinary bladder. Mice with multiple lesions of differing progression were considered as a single event. The hatched area in the Arsenic + DES group indicates the incidence of transitional cell carcinoma (TCC) that contributed to the overall incidence of proliferative lesions in this group. Modified from Waalkes et al. (2006a) . (tumors+ hyperplasias) were increased by arsenic plus TAM (40%) or arsenic plus DES (43%) compared to control (0%) or the various treatments given alone. Urinary bladder proliferative lesions occurred in the absence of contemporaneous uroepithelial cytotoxic lesions. Urinary bladder tumors and HCC induced by arsenic plus TAM and/or DES overexpressed ER-α, indicating aberrant estrogen signaling may be a factor in the enhanced response. Thus, gestational arsenic exposure alone induced tumors of the liver, lung and adrenal as well as renal cystic hyperplasia in male CD1 mice . In utero arsenic initiated urinary bladder transitional cell tumor formation when followed by postnatal TAM exposure and increased urinary bladder proliferative lesions if combined with TAM or DES . The rate of arsenic associated urinary bladder tumor formation when combined with TAM (13%) in male offspring in this study should be appreciated in light of historical control data for male CD1 mice where transition cell tumors occur at a rate of only 0.11% (1 transitional cell tumor/891 mice; Maita et al., 1998) .
Future studies
Our transplacental arsenic carcinogenesis studies in C3H (Waalkes et al., 2003 (Waalkes et al., , 2004a and CD1 ) mice failed to produce dermal cancers, even though the skin is a major target in humans (NRC, 1999; IARC, 2004; NTP, 2004a) . Based on our negative studies and other studies in mouse skin that indicate inorganic arsenic does not cause skin tumors without additional chemical or physical treatments (Germolec et al., 1997; Rossman et al., 2001; Burns et al., 2004; Uddin et al., 2005; Motiwale et al., 2005) , we hypothesize that prenatal inorganic arsenic may only initiate dermal cancer and that additional stimulation in a sensitive strain may be required for complete skin carcinogenesis. Thus, a study involving in utero arsenite and postnatal TPA exposure in Tg.AC v-Ha-ras transgenic (Tg.AC) mice, which are widely used and highly sensitive to dermal cancers (Humble et al., 2005) , was undertaken and is currently being finalized.
Our current work clearly indicates estrogenic or selective estrogen receptor-modulating compounds exacerbate arsenicinduced transplacental carcinogenesis in CD1 mice ). However, in these studies DES and TAM were given at relatively high doses right after birth ). This was done because the impact of these DES or TAM dosing schedules on urogenital tumor formation in mice was well established (Newbold, 2004; Newbold et al., 1997) . Exposure to high levels of estrogens right after birth is quite distinct from the human endocrinology or pharmacology of estrogenic compounds. Furthermore, adolescence clearly causes major changes in the systemic endocrine environment that alters tissue responsiveness. We hypothesize that arsenic in utero induces a persistent reprogramming that would impact the carcinogenic process even much later in life. To test this we will perform a tumor end-point study in which mice treated in utero with arsenic will be chronically exposed to DES or TAM starting in adulthood when the endocrine environment has stabilized. This will also determine if in utero arsenic can increase estrogenenhanced carcinogenesis even with a longer lag time between the metalloid and the estrogen. If the prenatal arsenic induces changes facilitating carcinogenesis that persist into adulthood, this would point towards in utero reprogramming as an important event in transplacental arsenic carcinogenesis, in a fashion similar to what is seen with in utero DES (Cook et al., 2005) . The potential threat posed by fetal arsenic exposure in humans may then be even more significant and more insidious.
Implications of the urinary bladder as a transplacental target for arsenic
The development of a mouse model of inorganic arsenicassociated urinary bladder proliferative lesions, including tumors, is of particular note as this is an important human target site (NRC, 1999; IARC, 2004; NTP, 2004a) , and one often used for risk assessment. The urinary bladder is a highly unusual target for transplacental carcinogenesis by any agent (Anderson, 2004; Anderson et al., 2000) . This may be at least partly due to limited prenatal renal function (Moritz and Wintour, 1999) , which would reduce direct urothelial interactions with carcinogens in the urine. The blood flow to the fetal kidney precursor (metanephros) is very limited and it produces a dilute urine compared to the adult kidney (Moritz and Wintour, 1999) . In fact, the perinatal kidneys are only start to assume adult functionality at about the time of birth, and then show a 50-fold increase in urine production from then until to the end of the perinatal period (Miyazaki et al., 1998) . The work of Devesa et al. (2006) in mice shows that after maternal inorganic arsenic exposure from gestation days 8 to 18 to 42.5 or 85 ppm arsenic, the major forms of inorganic and methylated arsenic are present in the fetus on gestation day 18, though fetal blood and tissue levels are anywhere from 21 to 75% lower than corresponding levels in the dam. In this regard, although a single oral dose of inorganic arsenic given to pregnant mice on gestation day 18 produces peak fetal arsenic contents in 2 h, the fetal arsenic is rapidly lost and less than 10% remains 24 h after the maternal dosing (Hood et al., 1987) . During the last few days of pregnancy in our series of in utero studies ) arsenic treatment is stopped and a very significant reduction in fetal arsenic could occur, leaving only a fraction of the total arsenic dose for neonatal urinary elimination. So after in utero exposure the levels of arsenic presented to the urinary bladder epithelium from within the urine may be limited , although this requires experimental confirmation. Despite this potentially limited exposure, gestational arsenic exposure was able to initiate urinary bladder proliferative lesions, including tumors, in these studies ).
Comparative doses and dosimetry
Experimental cancer research is based on the sound scientific assumption that agents causing cancer in animals will have similar effects in humans (NTP, 2004e). Rodent studies, particularly initial hypothesis testing studies, are performed under experimental conditions that are carefully chosen to maximize the likelihood of identifying any carcinogenic effects (NTP, 2004e) . Rodent studies are expensive, and, because of practical aspects that limit group size, etc., can be relatively insensitive. To see a response in reasonably sized group of rodents (25 to 50) the dose is often increased compared to that typically in the human environment. The toxicological assumption being that what occurs at higher doses would also occur at lower doses. Our in utero studies have been criticized as "high" dose, but this is a common issue to nearly all in vivo chemical carcinogenesis studies. A recent survey of 34,000 drinking water samples collected in Bangladesh showed ∼ 1% had levels of arsenic in excess of 1 ppm with the highest concentration measured at 4.7 ppm (IARC, 2004) , the latter being 1/10 to 1/20 the doses used in our in utero work (Waalkes et al., 2003 (Waalkes et al., , 2004a ). In addition, human populations are exposed throughout their lives, while arsenic is an effective carcinogen in mice after only 10 days of in utero exposure. In any event, implicit in this "high" dose criticism of rodent tumor end-point studies is the toxicological presumption that what occurs at higher doses does not occur at lower doses. Given the fact that tens of millions of people world-wide are exposed to elevated drinking water arsenic (IARC, 2004) , assuming the sensitivity to arsenic carcinogenesis observed after in utero exposure in mice (Waalkes et al., 2003 (Waalkes et al., , 2004a ) is not applicable to humans for whatever reasons is, at best, injudicious. In point of fact, robust data in humans are now emerging indicating that arsenic exposure in utero or in early life greatly increases subsequent cancer mortality in young adults (Smith et al., 2006) . Some additional comments are in order about comparative dosimetry between humans and transplacentally exposed mice. Using administered dose (i.e. ppm of arsenic in the drinking water) as the basis of comparison between species is problematic as it ignores potentially critical factors in dosimetry such as toxicokinetics. Labeling a dose as "high" based on a simple comparison of arsenic level in drinking water assumes that the proportion of the dose delivered or retained internally is same for humans and mice. There is no real basis for this assumption. Indeed, an actual comparison of speciated arsenical levels in the fetal mouse on gestation day 18 after maternal exposure to 42.5 ppm arsenic in the drinking water (Devesa et al., 2006) shows that levels of inorganic arsenicals (12.1 μg/L) and monomethylated arsenicals (MMAs, 20.2 μg/L) in the fetal mouse whole blood are very similar to plasma levels (inorganic arsenic 8.2 μg/L; MMAs 20.7 μg/L) in a human population from Inner Mongolia chronically exposed to drinking water containing 0.41 ppm arsenic (Pi et al., 2002) . With the 85 ppm maternal dose inorganic arsenic and MMA are 3.6-and 2.5-fold higher, respectively, in the mouse fetal blood (Devesa et al., 2006) than in this human population (Pi et al., 2002) . It is noteworthy that these human data are for plasma arsenicals, which are about 60% of what is seen in whole blood (NRC, 1999) . Environmental arsenic exposure levels in the drinking water in range of 0.41 ppm (Pi et al., 2002) are not uncommon in humans (IARC, 2004; NRC, 2001 ). Levels of di-methylated arsenicals (DMAs) are ≥ 13-fold more in the fetal mouse blood (Devesa et al., 2006) compared to this human population (Pi et al., 2002) but there are indications that DMA production is increased during pregnancy in the humans (Concha et al., 1998) . Thus, although the drinking water level is between 100 and 200 times greater, fetal mouse blood arsenical levels in our transplacental studies are similar to what occur with human arsenic exposure. Clearly, it is unjustified to dismiss these mouse transplacental cancers as resulting from biologically irrelevant doses.
Summary
Overall, this series of studies provides important advances which includes development of a mouse model where inorganic arsenic acts as a complete transplacental carcinogen (Waalkes et al., 2003 (Waalkes et al., , 2004a . We find that brief in utero arsenic exposure in mice induces or initiates tumors or preneoplastic lesions in the liver, lung, urinary bladder, adrenal, kidney, ovaries, uterus, oviduct and vagina in the offspring as adults (Waalkes et al., 2003 (Waalkes et al., , 2004a ). Several of these tissues are concordant with human targets of inorganic arsenic carcinogenesis (e.g. urinary bladder, liver, kidney and lung; NRC, 1999; IARC, 2004; NTP, 2004a) . In several tissues, including important target tissues of arsenic carcinogenesis in humans, in utero arsenic also acts together with estrogens or TPA to enhance the oncogenic response in female or male mice. Additional study of arsenic-induced in utero oncogenesis is underway. We hypothesize that fetal arsenic exposure may induce aberrant genetic reprogramming as part of its carcinogenic mechanism. In this regard, assessment of in utero arsenicinduced aberrant gene expression in fetal target tissues is ongoing. The basis and persistence of expression changes in critical genes of interest are being assessed. In addition, the potential effects of inorganic arsenic, including in vitro malignant transformation, are being studied in relevant human and rodent progenitor cell lines.
Today there are world-wide issues in contamination of drinking water with inorganic arsenic involving large numbers of people. For instance, it is estimated that a total of 31 million people from Bangladesh or West Bengal are exposed to elevated drinking water arsenic (IARC, 2004) . The fetal life-stage in mice clearly shows high sensitivity to arsenic carcinogenesis. The possibility of a comparable human sensitivity to arsenic in utero is very alarming, particularly in light of the sheer number of exposed humans. Indeed, in arsenic exposed human populations all life stages, including the fetal stage, are involved and, it is inevitable that significant transplacental arsenic exposure occurs in humans. It is prudent to assume that the carcinogenic risks defined in rodents predict similar effects in humans. Eliminating arsenic from the human environment is not a valid option. Thus, intervention by limiting arsenic exposure during pregnancy may be a valid strategy for reduction of arsenic-induced cancers in humans.
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